ABSTRACT The effect ofbovine glia maturation factor on the growth pattern of cancer cells was investigated in the rat glioma cell line 354A. When the cells were grown in the serum-free defined medium N2 in the absence ofthe factor, the cells proliferated with a doubling time of 24 hr without showing contact inhibition. After reaching confluency, the cell layer formed numerous foci from which heaps of cell colonies arose. The addition of glia maturation factor to the culture stimulated cell division in the logarithmic phase but prevented overgrowth once the cells arrived at confluency. The ability ofglia maturation factor to restore contact inhibition suggests a regulatory role in normal and neoplastic cells.
The existence ofglia maturation factor (GMF) was demonstrated as a consequence ofour search for growth or differentiation factors in the nervous system (t, 1, 2) . The factor is a protein extractable at neutral pH from the adult brain and promotes the phenotypic expression ofcultured glioblasts (t, [1] [2] [3] [4] [5] [6] [7] [8] . These fetal rat cells, which otherwise remain epithelial in appearance for an indefinite period, are converted into a network ofmultipolar astrocytic cells in 1 or 2 days (7). The factor initially increases the cyclic GMP level (9) and stimulates cell proliferation (2, 4) . Thereafter it brings out the mature properties ofglial cells such as the tugging ofcell processes, the pulsation ofcell bodies, the appearance ofgliofilaments, and an increase in cyclic AMP and the glial proteins S-100 and glycerophosphate dehydrogenase (8) . The glial fibrillary acidic protein is initially present at a high concentration and remains so throughout the course of GMF stimulation (10) .
GMF has been isolated from porcine (3, 11) and bovine (12, 13) brains and chemically characterized. It consists of a group of acidic proteins existing in multiple molecular sizes (11) , the smallest of which is 23,000 daltons, has an isoelectric point of 4.75, and has been obtained from the bovine brain (13) .
Up to the present, studies on the biological effects of GMF have been limited to normal glia. Because neoplastic cells are cells that revert from a higher to a lower state ofdifferentiation, the current paper addresses the question as to whether GMF can prevent or minimize the aberrant growth pattern of cancer cells. In this communication,we report that GMF restores contact inhibition in the glioma cell line 354A under certain culture conditions. MATERIALS AND METHODS GMF was isolated from the bovine brain by a method recently described (12, 13) . Briefly, bovine brains were extracted at neutral pH by homogenization and centrifugation in 0.15 M NaCl containing 0.02 M Tris-HCl, pH 7.4. The extract was dialyzed against water and lyophilized. The brain powder was then washed with absolute ethanol and the ethanol-insoluble material was reextracted with the above buffer. The sample was applied to a DEAE-Sephadex column (Pharmacia) and eluted with a NaCl gradient. The activity eluted between 0.25 and 0.35 M NaCl was collected and further fractionated by molecular sieving using a Bio-Gel P-200 column (Bio-Rad). GMF was recovered from the 23,000 molecular weight region and used in the present experiment at a concentration of 400 ng of protein per ml ofculture medium. The partially purified sample yielded two protein bands on polyacrylamide gel electrophoresis.
Glioblasts were obtained from fetal rat brains as described (11) . Briefly, brain cells were dissociated from 17-day SpragueDawley rat fetuses and grown in primary culture. After a week the mixed neuronal and glial cell population was subcultured and purified by differential attachment to obtain a homogenous population of glioblasts. Because the responsiveness of glioblasts to GMF is age dependent, only cells in the secondary culture were used for the current study. The cells were routinely grown in Ham's F10 medium containing 10% fetal calf serum until ready for the experiment.
The glioma cell line 354A, derived from a rat trigeminal tumor induced by ethyl nitrosourea (14) , was a gift of William Shain of the Armed Forces Radiobiological Research Institute, Bethesda, MD. The cells were routinely passaged in Eagle's medium as modified by Dulbecco and Vogt (DME medium) containing 10% fetal calf serum until ready for the experiment.
The N2 medium was prepared as described by Bottenstein and Sato (15) . The medium consisted of1:1 mixture ofHam's F12 medium and DME medium with the following additions: 5 ,ug of insulin per ml, 100 ,ug of transferrin per ml, 20 nM progesterone, 100 ,uM putrescine, and 30 nM selenium.
Cell culture was routinely carried out at 37°C in an atmosphere of air containing 5% CO2 and at 100% relative humidity. Cells were counted with a hemocytometer after dissociation by a 30-min incubation with 0.25% trypsin in calcium-and magnesium-free Hanks' balanced salt solution (GIBCO).
RESULTS
In order to relate to our earlier work on normal glial cells, GMF was first tested on glioblasts grown in N2. Fig. 1 shows that GMF promotes the morphological differentiation of glioblasts in this defined medium as well as it does in the presence of serum (11 When the glioma cell line 354A was cultured in serum-free N2 medium (Fig. 2) , the cells proliferated rapidly and exhibited no contact inhibition, as evidenced by extensive cellular overlapping and the formation ofgerminal centers from which heaps of cell colonies developed. The fact that these three-dimensional colonies were formed only after the culture had passed the stage of confluency indicates that they were the result of overgrowth rather than aggregation of preexisting cells. Further culturing of the cells led to the sloughing of the cell balls and eventually the cell layer.
In the presence of GMF, the glioma cells assumed a completely different histotypic pattern (Fig. 3) . At confluency, the cells formed a tightly packed but perfectly flat monolayer resembling a cobblestone surface. No evidence ofcell overlapping could be observed anywhere in the culture. The colonies that so dramatically characterized the cell line in the absence of GMF never appeared. A clue to the regulatory role of GMF on the glioma cells is :btained by comparing the growth curves under the two conditions (Fig. 4) . During the exponential phase, GMF shortened the doubling time from 24 hr to 16 hr, indicating that, as is true with the normal glioblasts (4), GMF is a mitogenic stimulant even for cancer cells.
However, the growth curves crossed at a point when the cells attained confluency. While cells in GMF entered into a stationary phase, cells in the absence of GMF continued to proliferate, albeit at a reduced rate, resulting in a 2-fold increase in saturation density (from 2.5 X 106 to 5 X 106 cells per culture well). It should be noted that the saturation density could have been higher were it not for the continuous sloughing ofthe cell colonies.
The effect of GMF on the glioma cells is reversible, because withdrawal of the factor led to the resumption of the abnormal growth pattern after a few days. Preincubating the culture well with GMF without subsequent addition of the factor also did not produce the effect. Bovine serum albumin, at the concentration range of 1-100 tug per ml ofmedium, did not reproduce the effect of GMF.
The addition of1 mM 8-bromo-cyclic AMP to the N2 medium also prevented the formation of cell balls. However, unlike GMF, which stimulated cell division in sparse cultures, 8-bromo-cyclic AMP arrested cell proliferation at any level of the growth curve.
When the glioma cells were grown in N2 supplemented with 5% fetal calf serum, with feeding every other day, the cells showed a doubling time of 16 hr and a saturation density of 5 X 106 cells per culture well. At 10% fetal calf serum, the corresponding values were 16 hr and 7 X 106 cells per well. The saturation densities in the presence of serum were higher than in N2 alone. In either serum concentration, the cells grew into a diffusely thick layer instead offorming foci ofovergrowth. The addition of GMF altered neither the doubling time nor the saturation density determined by the corresponding serum concentration.
The virally transformed hamster fibroblast cell line SV4O-LSH (obtained from F. Rapp through the courtesy of P. Spear) also grew in N2 without showing contact inhibition. The addition of GMF to these cultures did not alter the saturation density or the overlapping of cells.
DISCUSSION
The work reported here shows that a growth factor can correct the aberrant growth pattern ofglioma cells. The ability ofGMF to restore contact inhibition in cancer cells can be interpreted as a manifestation ofits maturation effect, just as it can be demonstrated to promote the differentiation of normal glia. It is of interest that GMF does not elicit the formation of glial morphology in 354A cells. A probable explanation is that GMF only partially reverts the highly complex malignant process. It is also likely that different cancer cells respond to GMF in different degrees, and the absence ofa certain effect in one particular cell line does not preclude the presence of that eect in another.
Because GMF is only partially purified, the question arises as to whether the tumor-inhibiting effect and the maturation effect on glioblasts are indeed expressions ofthe same function. Although a definite answer cannot be made at this time, circumstantial evidence does suggest that they are, because both effects are totally destroyed by heating at 100TC for 10 min, by exposure to the extremes ofpH (below pH 3 and above pH 11), and by degradation with proteases such as papain and ficin.
The interaction of GMF with fetal calf serum is complex. It appears that in N2 medium alone the 354A cells grow at a submaximal rate. The growth rate is maximized by either GMF or serum, both being known mitogens. The observation that GMF prevents overgrowth in the absence ofserum but not in its presence may be interpreted to mean that GMF suppresses the appearance of focal germinal centers more effectively than the diffused overgrowth of cells. Because serum contains several growth factors, among them the platelet-derived growth factor (16), the culture system presented here may serve as a model for growth factor interactions on tumor cells. It is of interest to note that the formation of postconfluent growth foci has been observed (17) on normal epithelial cells in response to exogenous sarcoma growth factors (SGF), a group of heat-and acidstable polypeptides found in the conditioned media of sarcoma virus-transformed mouse fibroblasts. Perhaps an antagonistic relationship exists between the GMF-like molecules and the sarcoma growth factor-like molecules.
The ability of GMF to restore contact inhibition is reminiscent of the properties of fibronectin, a large surface molecule found in many cell types whose amount is greatly reduced in malignancy (18, 19) . However, the two agents are distinct because GMF does not promote cell attachment to the plastic or glass substratum as does fibronectin. GMF used in this experiment was only 23,000 in molecular weight, whereas fibronectin Cell Biology: Lim et al. has never been found to be active in any size smaller than 220,000 in molecular weight (20, 21) . Furthermore, we isolated GMF from the adult brain, which is a poor source for fibronectin (22) . GMF apparently has a more complex action than fibronectin, and it is possible that GMF may stimulate the synthesis of fibronectin as part of its overall effects on cancer cells, probably through cyclic AMP as an intermediary. This notion is supported by the indirect evidence that GMF increases cyclic AMP in glioblasts (6) , and cyclic AMP has been shown to promote fibronectin deposition by some cancer cells (23 cyclic AMP level is raised only as a late effect of GMF (6) and because GMF does not inhibit the growth of sparse cultures as does cyclic AMP.
Whatever the mechanism, there is little doubt that GMF is one of the regulatory molecules that affect cellular social interaction, as has been proposed previously (10, 24) . The study of such molecules is germane to the understanding of the neoplastic process as well as cell maturation. 
